Abstract. Long-period surface waves from large earthquakes can provide reliable estimates of the source depth, rupture duration, seismic moment, and fault orientation. This requires accurate surface wave phase and amplitude spectra and precise propagation corrections. Standard procedures for estimating spectra of traveling waves in source analyses are inaccurate for periods exceeding 300 s, so the longer periods are usually analyzed by free oscillation analysis if at all. We apply a multiple filter analysis to extract complex spectra for periods up to 500 s suitable for traveling wave spectral inversions. This will allow improved constraints on the rupture process of large earthquakes to be obtained by inversion methods using a single formalism.
. These procedures require spectra of surface waves, which are obtained by Fourier analysis. Typically, the spectra are determined for a specified group velocity window short enough to isolate the signal from interference by successive great circle passages, but long enough to reduce leakage while yielding the desired frequency resolution. However, there is no guarantee that an appropriate window can be found when waves of different modes of propagation are present. The multitaper method of Thomson [1982] gives estimates with less leakage than direct estimates; however, the former method requires lengthy computations when a large data set is to be analyzed. For very long-period (greater than 300 s) waves, errors in direct estimates are often very large, because the waves are strongly dispersive and isolation of the signal is difficult. As a result, global aspherical earth structure and seismic source investigations using surface wave spectra have been restricted to periods less than 300 s.
Several dispersed waveform analysis techniques are routinely used for extracting phase and group velocities for surface waves. While the original residual dispersion method of Dziewonski et al. [1972] clearly provides improved group velocity estimates compared to methods lacking an isolation filter, it was not known how much improvement in phase and amplitude measurements could be achieved using our similar procedure relative to the standard direct method of spectral estimation from a truncated signal. We will show that our procedure has significant advantages over the direct method for Rayleigh waves with periods longer than 300 s.
Our primary concem is to assess the error of estimated amplitude and phase spectra, which depends on the nature of the dispersion and interference of various wave trains. We tested the multiple filter method (MF) described above using many synthetic seismograms, for which the spectra are known. We first establish the potential accuracy of the method using only noise We used the isolation filter: Are = 1 and *w =/• r, which does not require a priori information about the source, and is the same as that used by Dziewonski et al. [1972] . This filter is a special case of the more general technique, which simultaneously matches both amplitudes and phase caused by source radiation and propagation as in equations (11) To compare the spectra obtained by the MF with the results by the direct method, we measured the spectra of R] using either fixed or moving group velocity window, and a 20% cosine taper. The fixed window: 2.93-4.46 km s -•, which is commonly used in analyses of R] mantle Rayleigh waves, was applied only to periods shorter than 300 s; much of the wave energy for longer periods is not contained in this window. The moving window is chosen using the group velocity curve of PREM. For each period, the window is centered at the group arrival time, and is 10 times longer than the period. The window is adjusted when necessary to avoid interference between R ] and R 2. At distances closer to the source or its antipode, the errors become larger. For a distance of 30 ø , at periods from 80 to 500 s, the MF gives errors less than 10% but usually larger than 5% for amplitudes and less that 0.1 radian for phase; for periods from 80 to 260 s, the direct method gives errors less than 10% for amplitudes and less than 0.2 radian for phase. For a distance of 150 ø, at periods from 80 to 500 s, the MF gives errors less than 10% but usually larger than 5% for amplitudes and less than 0.3 radian but usually larger than 0.1 radian for phase; the direct method has similar accuracy only for periods from 80 to 210 s.
Discussion and Conclusions
We apply a multiple filter method to measure the complex spectrum of long-period surface waves. Numerical tests using synthetic seismograms comprised of fundamental mode and overtone Rayleigh waves indicates that this method gives accurate spectral estimates for periods as long as 500 s. This will enable traveling wave inversions for source and aspherical structure to be extended beyond the current limit of 300 s imposed by current spectral estimation practices.
The accuracy of the method depends on how closely the isolation filter approximates the dispersion of the observed surface waves. As a first approximation the dispersion curve of a global earth model can be used to construct an adequate isolation filter for the multiple filter method for periods greater than !00 s. This allows rapid analysis of many observations, which is essential for source and structure inversions. Further analysis of the various parameters in the multiple filter method, such as the isolation and band-pass filters, is expected to improve the method for the long-period surface wave application.
